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INTRODUCTION 
We wanted t o  understand how ducks behave i n  extreme condit ions.  
We generated the  l a r g e s t ,  s t e e p e s t  wave poss ib le  i n  the  narrow tank. 
We var ied  mounting compliance, p o s i t i o n ,  power take-off and a t t i t u d e  
of the  model. 
We measured forces  and movements and took sequences of photographs. 
The d a t a  i s  presented t o  show some f e a t u r e s  of the  behaviour and t o  
allow f u r t h e r  analys is .  A continuing problem was t o  decide when t o  s t o p  
doing the  experiments. Every answer posed two more ques t ions .  
MAIN CONCLUSIONS 
i. 
(1) There i s  no hydrodynamic law which prevents  plunging breakers  i n  deep water.  
Ver t i ca l  wal ls  of water a re  c red ib le  and we bel ieve  inev i t ab le .  Longuet~  
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Higgins and Cokelet p r e d i c t  them on the  b a s i s  of a n a l y t i c a l  work. There 
3 4 
i s  anecdotal evidence from seamen supported by photographs taken a t  sea .  
We have ways of generat ing waves with length  t o  he ight  r a t i o s  of  4.6 t o  one. 
( 2 )  Ducks a r e  n o t  t roubled by steepness.  Force c o e f f i c i e n t s  i n  very s t eep  waves 
are  about ha l f  those measured f o r  small waves. 
( 3 )  There a r e  s t rong fo rces  ac t ing  t o  submerge f r e e  f l o a t i n g  ducks. 
(4) When an extreme wave h i t s  a  duck on a y ie ld ing  ax i s  the  r a t i o  of surge 
movement t o  wave he igh t  i s  about -9 .  The r a t i o  of heave movement t o  wave 
he igh t  i s  about .25. 
(5)  The b igges t  fo rces  do not  occur a t  the  time of the  s t e e p e s t p a r t  of the  
wave sequence, b u t  usually happen during the  second trough as the  duck 
recovers from capsize. 
0 
(6)  The b igges t  fo rces  a r e  d i r e c t e d  a t  an angle of about 45 below the  
forward hor izonta l .  
( 7 )  There i s  a notable  absence of force  i n  the  upper waveward quadrant.  
(8) Fai led  power take o f f  does n o t  cause problems with duck forces  b u t  may 
l ead  t o  high angular v e l o c i t i e s .  
(9)  The concept of the  capsized condition being a su rv iva l  a t t i t u d e  i s  misleading. 
(10) About 5000 s t eep  wave sequences were generated during t h e  s e r i e s  of 
experiments. To do t h i s  i n  the  n a t u r a l  wave environment would have 
taken about a  q u a r t e r  of a mi l l ion  years .  
THE WAVE 
I f  we t r y  t o  make b i g  regular  waves by inc reas ing  wavemaker dr ive  
we f i n d  t h a t  they break by s p i l l i n g  a t  a  length t o  he igh t  r a t i o  of 7 before  
reaching the  model. However, i f  t he  phase of each component of a  spectrum 
is  ca re fu l ly  chosen we can arrange f o r  them a l l  t o  combine a t  a  p a r t i c u l a r  
p lace  and time and t o  reach t h a t  p lace  without  premature breaking. This  
produces a splendid plunging breaker which i s  shown i n  photographs 1 , 2 ,  3 and 4. 
The components we s e l e c t e d  were a s  follows: 
Before doing any t e s t s  with the  model, wave records were logged with 
a gauge a t  each of the  p o s i t i o n s  t h a t  the  a x i s  would subsequently occupy. 
, 
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FIG 1 :  THE WAVE <Gauge at nominal break p o s i t i o n )  
Fig 1 above shows t h e  wave record a t  t h e  nominal breaking pos i t ion .  
The i n s e t  a rea  shows the  time per iod  used f o r  force measurements. 
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TIME f r o m  START Csecl 
Fig  3 shows an expanded view of the  main c r e s t .  
THE MOUNTING 
Photographs 1 and 3 show the  genera l  arrangement used f o r  these  
t e s t s .  The model, DO019 ( b a l l a s t  a s  on p3.2 of volume 1 of t h i s  r epor t )  was 
mounted on the  surging-heaving r i g  (2nd year  r epor t  p26.15) . The a x i s  depth 
was 6.5cm. 
S t r a i n  gauges i n  t h e  l inkages of the  r i g  measure surge and heave 
fo rces  t ransmit ted  from the  duck and through i t s  axis  t o  the  r i g .  For 
r i g i d  ax i s  t e s t s  the  r i g  was locked, s o  t h a t  forces  were s t i l l  t ransmit ted  
through the  s t r a i n  gauges. 
Compliance i s  suppl ied  both from physica l  spr ings  and e l e c t r i c  
motors responding t o  the  displacement of the  duck axis .  The contr ibut ion  
from the physica l  sp r ing  remains cons tant ,  b u t  t h a t  from the  motor i s  
s u b j e c t  t o  l i m i t i n g  above a s e l e c t e d  threshold.  
The t e s t  condit ions a re  summarised below. 
Tank value f o r  
293mm wide model 
Duck diameter 10cm 




Compliance: physica l  5 x 10 M/N 
Compliance : e l e c t r i c a l  0.5 x I O - ~ M / N  
E l e c t r i c a l  compliance 3N 
l i m i t i n g  force  
Fu l l  s c a l e  value 
(pe r  metre) 
assuming 1/150 
15m 
F u l l  s c a l e  value 
(per  metre) 
assuming 1 /I00 
1 Om 
In  a l l  cases s i g n a l s  were measured over a 5 second per iod ,  s t a r t i n g  7 seconds 
a f t e r  t h e  s t a r t  of the  wavemaker command s igna l .  A s to rage  osc i l loscope was 
a l s o  used t o  watch o u t  f o r  any t r a n s i e n t s  t h a t  were t o o  f a s t  f o r  the  computer 
sampling of 100hz. None were noticed.  

HOW TO READ RFSULTS 
Time marks a r e  given a t  the  top  and bottom of the  page and a 
p l a s t i c  r u l e r  l a i d  v e r t i c a l l y  allows the  records of force  o r  movement t o  be 
r e l a t e d  i n  time t o  the  wave. 
Photograph times a re  shown i n  the  s c a l e  below t h e  wave record,  and 
appear i n  the  photographs themselves. This allows a photograph t o  be found 
f o r  an i n t e r e s t i n g  force  value and a force  value f o r  an i n t e r e s t i n g  photograph. 
Times given are  seconds i n t o  the  sequence f o r  a 15 metre duck. Rescaling 
r u l e s  a r e  given on p10. The photographs inc lude  a g r a t i c u l e  t o  show mean 
s e a  l e v e l ,  the  nominal breaking p o i n t  and t i c  marks a t  i n t e r v a l s  of one duck 
diameter. 
Each t r a c e  has an arrow marker po in t ing  t o  i t s  maximum and the  
value of t h i s  i s  p r i n t e d  a t  the  end of the  record. 
6 
The u n i t s  a r e  Newtons x 10 p e r  metre f o r  force  dens i ty  and metres 
f o r  r i g  movement and wave height .  Force c o e f f i c i e n t s  (see  p2.2 of our 1976 
repor t  and p6.13 of our 1978 repor t )  a re  given f o r  force  records and movement 
r a t i o s  f o r  the  compliant r i g  experiments. 
Damped and undamped records are  displayed t o  show the  e f f e c t s  of 
power take-of f .  
Surge and heave forces  a r e  shown separa te ly  p l o t t e d  aga ins t  time. 
We a l s o  show the  modulus of the  r e s u l t a n t  force.  The d i r e c t i o n  of the  
r e s u l t a n t s  may be judged from the  surge v. heave p o i n t  p l o t  on the  r i g h t  hand 
pages. Dots a re  drawn a t  time i n t e r v a l s  corresponding t o  -122 second a t  f u l l  
s c a l e .  Even numbered seconds a r e  shown as  do t s  with squares around them and 
the  times a re  ind ica ted  where convenient. This  allows the  surge v. heave 
p l o t  t o  be  t i e d  t o  p a r t i c u l a r  photographs. The closeness of the  do t s  allows 
the  r a t e  of change t o  be judged. Slubber bear ings  would be unhappy with 
prolonged l a rge  values i . e .  c lose  do t s  a t  a b i g  radius.  
The ray diagrams were drawn i n  an attempt t o  a s sess  how evenly 
0 
loads a r e  shared around the  bearing. Force d i r e c t i o n s  a r e  s p l i t  i n t o  5 
i n t e r v a l s  and l i n e s  a r e  drawn along each d i r e c t i o n  with lengths  propor t ional  
t o  force  magnitude times durat ion.  A composite ray diagram f o r  a l l  the  
t e s t s  i s  given i n  graph number 9b. 
To g e t  the  most ou t  of the  t e s t  r e s u l t s  it i s  necessary t o  jump 
from photographs t o  records. We w i l l  be happy t o  supply unbound s e t s  of  
photographs so  t h a t  comparisons can be made more e a s i l y .  Some comments a re  
included with the  force  and movement records. 
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PHOTOGRAPHY 
The good r e p e a t a b i l i t y  of the  wave meant t h a t  apparently sequen t i a l  
photographs could be taken on d i f f e r e n t  runs of the  wave. We wanted t o  use 
composite negatives f o r  p r i n t i n g  the  photographs, and a s u i t a b l e  arrangement 
used 6 sec t ions  c u t  from 35mm negatives mounted on a photo-etched s t a i n l e s s -  
s t e e l  c a r r i e r .  We use 2 such photographs t o  i l l u s t r a t e  each sequence and 
2 d i f f e r e n t  time i n t e r v a l s ,  a s  follows: 
Tank time 





Small time s t e p  0.082 s e c  1.0 sec  0.82 s e c  
Big time Step 0.245 s e c  3.0 s e c  2.45 s e c  
On the  photo captions times a r e  wr i t t en  as  f o r  1/150. 
The s e c r e t  of good wave photographs i s  t o  l i g h t  up t h e  meniscus 
by using a l o t  of l i g h t  from below. We used 3 e l e c t r o n i c  f l a shes  below the  
g l a s s  tank bottom, and 2 t o  i l lumina te  the  apparatus from the  f ron t .  The 
e f f e c t i v e  speed of  the  u n i t s  was about 1/500th of a second, and t h e  b l u r r i n g  
of the  wave i n  some of the  images suggests  t h a t  f a s t e r  u n i t s  should have 
been used. A s p e c i a l  t imer ,  s t a r t e d  by the  wavemakkng computer, t r igge red  
the  f l a shes  a t  the  required t ime,  b u t  s e n t  an e a r l i e r  pulse  t o  t h e  camera 
s h u t t e r  solenoid,  so t h a t  it was open i n  time f o r  the  f l a s h .  
A NOTE ON SCALE 
When these  t e s t s  were s t a r t e d  we were designing f o r  15 metre ducks 
and using a tank s c a l e  of 1/150. Subsequent design work, and t h e  South 
U i s t  d a t a ,  show t h a t  the  new 10 metre diameter duck can do as  wel l  a s  our 
o ld  15 metre one. We now consider narrow tank t e s t s  t o  be  a t  1/100 sca le .  
The c h a r t  below gives conversion fac to r s .  
MULTIPLY BY THIS 
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rigid axis, posi tion:-30m 
FORCES graph 
I b 
(See Photograph 5) 
This record was made a t  two duck diameters forward of the nominal break 
point .  The undamped t e s t  i s  shown i n  photograph 5. 
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The surge force record looks l i k e  an inver ted  version of the  wave 
record with some superimposed vibra t ions .  
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Damping makes l i t t l e  d i f ference.  
The heave record shows s t rong r ec t i f i c a t i on  r e su l t i ng  i n  a large 
sinking force. 
This posi t ion shows more vibra t ions  than any other  record. I t  shows 
the lowest force coef f i c ien t s  (see graph 11) and the highest  wave. 






8'188 " . 
. . . . . . .  .




M N / m s k r s  
El 188 
. .- . 
. a .  . . 
. . .  
The change i n  pos i t ion  t o  15 metres before the  break has made 
l i t t l e  d i f ference  t o  the  force  records. 
1 . 5  UNDAMPED 
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Force c o e f f i c i e n t s  a re  s t i l l  very low. 
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For this and a l l  subsequent normal a t t i t u d e  t e s t s  the  modulus 
maximum occurs much l a t e r  than the  wave maximum. Only with the  capsized 
and nose down t e s t  do a l l  t he  maxima occur together .  
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Severa l  of the  force records show v ib ra t ions  l i k e  those a t  
105 t o  110 seconds. They have a frequency of about 18Hz a t  model sca le .  
Comparisons between graphs l a  and 2a show t h a t  these  v ib ra t ions  a re  of ten  i n  
phase from t e s t  t o  t e s t .  This suggests  t h a t  they are  caused by t h e  wave 
maker and a r e  no t  hydrodynamic i n  o r ig in .  
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rigid axis, position:Om 
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._ . . I , 1 . 5  
(See Photograph 6 f o r  3 second i n t e rva l s  and Photograph 9 f o r  one second s teps  
during the  middle of the sequence) 
MN/metre  
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This t e s t  was a t  the nominal breaking point  of the wave. The maximum 
height measured a t  t h i s  posi t ion i s  28.4m whereas 29.49m was measured 30m up wave. 
e 5  UNDAMPED 
. . 
; . 
. . t -  
Photograph 6 f o r  118 seconds shows the  maximum duck angle recorded. 
This i s  a l so  the time f o r  maximum surge force. The undamped record has the  
highest  value of surge force f o r  the  s e r i e s  of t e s t s .  
. . .  . . .  
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sur aca 
Force coef f ic ien t s  (see graph 11) have begun t o  r i s e .  
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The photographs f o r  11 2 seconds show a d i s t i nc t i ve  pa t te rn  of three  
puffs  of foam t o  leeward. The repea tab i l i ty  between photographs 6 and 9 i s  
sa t i s fac tory .  
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S U R G E V E  FORCES 
rigid axis, posit ion:+15 
FORCES graph . 
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c o e f f i c i e n t s  continues. 
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The d i scon t inu i ty  of the  wave record a t  107 t o  108 seconds corresponds 
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heave '"?I 
t o  the  a r r i v a l  of the  main body of  foam. I t  was necessary t o  switch o f f  h a l f  
the  f l a s h  tubes t o  maintain even exposure. 
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While previous impact records show l i t t l e  d i f f e rence  t h i s  pos i t ion  
shows an unusually long l i n e  25" below the  forward hor izon ta l  f o r  the  damped 
case. I t  i s  s u r p r i s i n g  t o  see  such a l a rge  ray with no contr ibut ion  i n  the  
next  sec to r .  
Tne absence of impact i n  the  f i r s t  quadrant  continues. Undamped 
impact records a r e  a l s o  d e f i c i e n t  i n  the  t h i r d  quadrant.  The four th  quadrant 
i s  always the  most heavi ly  used. 
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rigid axis, position:+3Om 





SURGE 8 HEAVE FOR[ FS 
rigid axis, position:+45m 
FORCES graph I . 
MN/ms t re .5 DAMPED 
(No Photograph) 
There i s  now a small upward trend i n  the force coeff ic ients .  
MN/mo t r e  
f .  
The impact record shows very s imilar  r e su l t s  t o  the previous t e s t  
with a large 75O spike i n  the undamped t e s t .  
e 5  UNDAMPED 
The discontinuity of the wave record a t  109 seconds i s  as would 
be predicted from photograph 4. 
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(See Photograph 8) 
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This record has the  smal les t  measured wave height .  The f i r s t  c r e s t  
i s  much reduced. Perhaps as  a r e s u l t  the  upward heave pu l se  a t  109 seconds 
i s  l e s s  than i n  e a r l i e r  t e s t s .  
a 5  UNDAMPED 
Force c o e f f i c i e n t s  a re  s t i l l  high b u t  the  impact diagrams are  
showing a more even d i s t r i b u t i o n  of force .  
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The photograph f o r  106 seconds shows a v ic ious  whip-like breaker.  
While the  photograph of 109 looks very f r igh ten ing  i t s  force  modulus i s  
only one h a l f  of t h e  maximum f o r  the  t e s t .  
The photograph f o r  130 seconds shows a duck being l e f t  behind by 
the  wave. This i s  t h e  time f o r  maximum force  b u t  would n o t  have occurred 
with a f r e e  s t r i n g ,  which would have submerged. 
This record shows the  l e a s t  amount of 18Hz v ib ra t ion .  
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MN/nekre 
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This posi t ion i s  f ive  duck diameters back from the breaking wave. 
Its force coeff ic ients  are the highest  f o r  the normal a t t i t ude  t e s t s  but  
are s t i l l  typical  by the standards of the P.M. spectrum t e s t  of volume 1 of 
the 1976 report .  
e 5  UNDAMPED 
The narrow spike i n  the wave record a t  111 seconds i s  suspect. 
The corresponding p ic tures  i n  photograph 4 show foam going outside the 
f i e l d  of view and cine f i lm showed droplets r i s i ng  t o  heights equivalent t o  
100 metres above sea  level .  
. ' . . . .  :- . . 
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Composite Results  
These p l o t s  show d a t a  from a l l  experiments except those with changed 
duck a t t i t u d e  . The superposi t ion h igh l igh t s  t rends  and anomalies. We not iced  
the following po in t s  : - 
1. While the  he ights  o f  the  f i r s t  c r e s t  t a p e r  downwards the  amplitudes 
of the  r e s t  of  t h e  wave sequence are  very s i m i l a r .  
2 .  High frequency v ib ra t ions  a re  of ten  i n  phase. 
3.  A l l  t e s t s  show s t rong  downward heave. 
4. There i s  a crescendo i n  both force  modulus t r a c e s .  Perhaps we 
a r e  being misled by considering only the  v e r t i c a l  displacement 
of the  water.  A hor i zon ta l  gauge might give a d i f f e r e n t  p i c t u r e .  
5. The abnormal r e s u l t s  a re  from the  forwardmost undamped records 
between 95 and 105 seconds. 
The surge v heave p o i n t  p l o t s  and the  impact ray diagrams show nothing new. 
FORCES plotted against WAVE 
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Composite Results  f o r  Surge Forces Against Water Pos i t ion  
I n  t h i s  swarm record we p l o t  every instantaneous value of surge 
force aga ins t  t h e  pos i t ion  of water so  t h a t  co r re la t ions  would be revealed. 
I f  force  was s o l e l y  determined by water  pos i t ion  the  r e s u l t s  would l i e  on 
a  s t r a i g h t  l i n e .  In  f a c t  most r e s u l t s  l i e  on an e l l i p s e  with an aspect  
r a t i o  of about 2.25.  There i s  a  tendency towards concentrat ion i n  a  c e n t r a l  
a r e a  and an ou te r  t r ack .  We c a l l  t h i s  the  pony club e f f e c t .  
composite FORCEIWAVE graph 
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Composite Results f o r  Heave Force Against Water Posit ion 
There could be no b e t t e r  way t o  demonstrate the  downward rec t i fy ing  
e f f e c t s  f o r  heave force. The small forces a re  concentrated i n  a  roundish 
cen t ra l  blob while the l a rge r  ones follow an inver ted  U.  

Graph 11 
Force Coeff ic ients  A s  A Function Of Posi t ion  
Force c o e f f i c i e n t s  (see  p  2 . 2  of our 1976 repor t  and p  6.13 of 
the  1978 repor t )  a r e  ca lcu la ted  from the  h ighes t  value (29.49m) of trough 
t o  c r e s t  he igh t  which was measured a t  t h e  forwardmost pos i t ion .  We 
ca lcu la ted  them f o r  heave, surge and modulus fo rces  f o r  damped and undamped 
ducks. Results  a re  p l o t t e d  aga ins t  pos i t ion .  
We were su rp r i sed  t o  see  t h a t  i n  genera l  the  c o e f f i c i e n t s  a re  
lower than those ca lcu la ted  f o r  l e s s  spectacular  waves, and t h a t  they a re  
lowest of a l l  i n  what we might have expected t o  be the  most dangerous p a r t s  
of the  wave. I f  we had ca lcu la ted  the  c o e f f i c i e n t s  on the  b a s i s  of waves 
measured f o r  each duck pos i t ion  i n s t e a d  of the  h ighes t  wave of the  whole 
t e s t  s e r i e s  t h i s  v a r i a t i o n  between pos i t ions  would have been even more 
marked, b u t  the  leeward values would have been i n  l i n e  with our e a r l i e r  
r e s u l t s .  Steepness i t s e l f  does n o t  appear t o  be dangerous. Indeed i f  we 
have t o  deal  with 30 metre waves we would p r e f e r  t o  have them s teep  and 
breaking on top r a t h e r  than i n  f ron t .  
The modulus c o e f f i c i e n t s  are  very s l i g h t l y  h igher  f o r  damped 
models b u t  the  o the r  c o e f f i c i e n t s  show l i t t l e  d i f ference .  The e f f e c t  i s  
caused by the  damped models having t h e i r  fo rces  i n  phase. We conclude t h a t  
a  f a i l e d  power take-off need n o t  cause bearing problems between duck and 
backbone. ~ u t  the higher v e l o c i t i e s  may cause problems f o r  t h e  gyros. 

Graph 12 
Areas Under The Force Curves 
The force coef f i c ien t  ca lcula t ions  of graph 11 a re  based on the  
s ing le  highest  value of force and so a re  peak sens i t ive .  I t  i s  i n t e r e s t i ng  
t o  ca lcu la te  a second ind ica to r  based on the area under t he  force curve 
divided by the time of the experiment. We have calcula ted separately the 
areas above and below the zero l i ne .  This gives us a general wear and t e a r  
f igure  f o r  ca lcula t ions  involving the  def la t ion r a t e  of a slubber pad o r  the  
accelera t ions  of a system dominated by i n e r t i a .  
We have a l so  calcula ted t he  di f ference between the force areas 
above and below, divided by the  time of the  experiment. This would give an 
indicat ion of the mooring and the  sinking forces .  
We observe t h a t  there  i s  a reduction i n  force a t  the  forward 
posi t ions .  
We f i nd  t h a t  even though the experiment i s  sho r t  (61.2 seconds a t  
15m and 50 seconds a t  10m) the res idua l  mooring force i s  very small and can 
be of e i t h e r  po la r i ty .  The res idua l  sinking force exceeds the buoyancy margin 
of the  duck. A f ree  f l oa t i ng  duck s t r i n g  would sink.  
Damping increases force  area  i n  the surge d i rec t ion  by almost 30%. 
This i s  much more than we would have expected from peak force r e su l t s .  
Damping makes l i t t l e  difference t o  the mooring forces .  
Damping increases the  sinking force area  by about 20%. 
graph 
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It  had been suggested t h a t  t h e  capsized condition might l ead  t o  lower 
forces .  W e  compared capsized and nose down force  records on t h i s  graph. The 
power take-off mechanism was used t o  hold the  duck capsized without  changing i t s  
b a l l a s t .  Force coe f f i c i en t s  a re  about twice those measured f o r  normal a t t i t u d e  
ducks a t  the  same t e s t  pos i t ions .  
NOSE-DOWN 
Force measurements on the  compliant mounting a re  d i f f i c u l t  t o  i n t e r p r e t  
because of the  problem of acce le ra t ing  the  mass of  the  r i g .  But some t e s t s  
i n d i c a t e  t h a t  a nose down a t t i t u d e  caused by add i t iona l  b a l l a s t  i n  the  nose of 
the  duck could reduce wave forces .  We added weight equivalent  t o  24  tons p e r  
metre f o r  a 15 metre duck (11 tons p e r  metre f o r  a 10 metre duck) which i s  about 
equal t o  the  buoyancy margin. This produced very much smal ler  angular movements 
and absence of any capsizing.  This t e s t  sequence i s  shown i n  photograph 13. The 
0 
duck angular excursion i s  only about 80 , very comfortable f o r  gyros. 
When the  t e s t s  were repeated on a f ixed  a x i s ,  photograph 14, the re  were 
two ext raordinary  e f f e c t s .  The f i r s t  was a s u b s t a n t i a l  r i s e  i n  measured values 
of force .  The second was the  double loop. The duck caps izes ,  f a i l s  t o  recover 
normally b u t  continues t o  go backwards underneath the  mounting t o  i t s  o r i g i n a l  
pos i t ion  j u s t  i n  time f o r  t h e  second c r e s t  t o  send it round again f o r  a second 
complete revolut ion.  This would do the  e l e c t r i c a l  power cables no good a t  a l l .  
No o the r  t e s t  condit ions produce even a s i n g l e  r o t a t i o n  and a s  the  f ixed a x i s  and 
the  excess b a l l a s t  a r e  both abnormal we do n o t  f e e l  t h a t  the re  i s  any cause f o r  
concern. 
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Graph 14 (14b on next  page) 
Movement Re cords 
(See Photographs 10,13 and 14) 
I f  y ie ld ing  i s  t o  be used t o  run away from b i g  waves we need t o  
know how f a r  t o  run. For a l l  our experiments the  r i g  i s  allowed t o  move 
a t  cons tant  force  i f  the  force exceeds 23 tons  p e r  metre f o r  a 15 metre duck 
and 10.2 tons p e r  metre f o r  a 10 metre duck. 
In  t h i s  experiment we recorded movements i n  th ree  condit ions.  One 
was with a normal damped duck. The second was a duck he ld  capsi:zed by torque 
i n  i t s  power take-off motors. The t h i r d  was a duck he ld  nose down with e x t r a  
b a l l a s t  weights. The r e s u l t s  a re  shown i n  graph 10. They were measured a t  
the  nominal breaking pos i t ion .  
There i s  very l i t t l e  d i f f e rence  i n  the  movement of the  th ree  cases. 
The surge motions continue t o  inc rease  even though the  wave envelope i s  
decaying. 
The heave motions have a prolonged downward dwell from 110 t o  116 
seconds and show a downward b i a s  which comes as  no su rp r i se .  
The surge movements a r e  about .9 of the  wave record whereas the  
heave movements a r e  only about -25. The nose down a t t i t u d e  (which had the  
smal l e s t  duck angles) has the  b igges t  excursions. A s  we a re  concerned about 
t h e  amount of heave j o i n t  angle needed t o  accommodate l a r g e  s t eep  waves 
running along the  s t r i n g  the  small heave movements are encouraging. 
MOVEMENTS graph 
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COMMENTS ON PHOTOGRAPH SEOUENCES 
Photographs a r e  taken a t  times corresponding t o  one o r  th ree  
second i n t e r v a l s  f o r  a 15m duck (.86 seconds o r  2.45 f o r  a 10m duck). 
The t i c k  marks on t h e  axes a re  a t  d iv i s ions  o f  one duck diameter. 
The hor izon ta l  ax i s  marks mean s e a  level .  
Photograph 4 
The duckless wave 103 t o  114 seconds. The photograph f o r  105 
seconds y i e l d s  a length t o  he igh t  r a t i o  of 4.6 t o  one. 
Photographs 5 ,  6 ,  7 and 8 
This group of sequences show f ixed  ax i s  models i n  four  d i f f e r e n t  
p o s i t i o n s  r e l a t i v e  t o  the  break point .  Preliminary t e s t s  showed no v i s i b l e  
d i f ference  between damped and undamped ducks. The undamped model was used 
throughout. The force  modulus maximum always occurs between 125 - 129 
seconds when t h e  duck i s  near  v e r t i c a l  during recovery. The d i r e c t i o n  of 
0 
t h i s  force  i s  usual ly  45 below the  waveward hor izonta l .  There i s  a wal l  
of water behind the  duck and a not iceable  hole  i n  f ront .  Photographs 6b 
and 7b a t  127 seconds show the  e f f e c t  well.  
The most dramatic p i c t u r e  i s  109 seconds i n  photograph 8a b u t  
the  corresponding records on graph 7 show t h a t  the  forces  a re  q u i t e  moderate. 
White foam has a lower dens i ty  than green water. 
There i s  evidence of r e f l e c t i o n  i n  photographs 5 a t  103 and 130 
seconds. The nose re-entry between 128 and 132 seconds causes a sp lash  i n  
a l l  photographs b u t  t h e r e  is  nothing obvious i n  the  force  record. 
There i s  an extraordinary " f l a re"  i n  photograph 7b a t  133 seconds, 
v e r t i c a l l y  above the  duck. 
The maximum angular excursion i s  seen i n  photograph 6 a t  118 
0 
seconds and reaches 30 below the  leeward hor izonta l .  We would expect  a 
smal ler  angle on a compliant mounting. 
0 
The maximum angular ve loc i ty  i s  about 40 pe r  second (0.7 rad pe r  
second) between 106 and 109 seconds i n  photograph 6. The o the r s  have maxima 
0 
of about 30 p e r  second. This agrees with r e s u l t s  on p 2.39 of  volume 1. 
It i s  worth following the  bubble sequence i n  photograph 6 from 
103 t o  109 seconds. I t  s t a r t s  near  the  t i p  of the  nose and changes i n t o  
an arc. We cannot be su re  how t o  i n t e r p r e t  t h i s  and a r e  planning bubble 
t r a c e  experiments. 
Photographs 9 ,  10, 1 1 and 12 
This s e t  of sequences was c a r r i e d  ou t  t o  determine t h e  e f f e c t s  of 
mounting s t i f f n e s s .  The duck pos i t ion  was a t  the  nominal breaking p o i n t  of 
t h e  wave. The mounting condit ions were as  tabled  below: 
Heave LS urge 
9 Rigid Rigid 
10 Compliant Compli an t  
11 Compliant Rigid 
12 Rigid Compliant 
-6 2 
The compliance used was 1.3 x 10 m /N f o r  a 15 metre duck, b u t  the  main 
f e a t u r e  was the  y i e l d i n g  t o  cons tant  force a t  23 tons/per  metre. (10.2 tons 
a t  lorn). 
The one second time i n t e r v a l s  were chosen t o  give good resolu t ion  
i n  the  middle of the  sequence. 
I t  i s  use fu l  t o  r e f e r  t o  the  movement record i n  graph 14. 
There i s  l i t t l e  v i s i b l e  d i f f e rence  between t h e  four  condit ions.  
But duck angular v e l o c i t i e s  a re  lower when both axes a r e  compliant. Up t o  
107 seconds a l l  duck angles are  the  same. But a t  111 seconds the  compliant 
0 
mounting duck i s  60 behind the  others .  
A s  gyrated ducks w i l l  have problems with high v e l o c i t i e s  t h i s  i s  
0 
a d e s i r a b l e  c h a r a c t e r i s t i c .  We think t h a t  25 pe r  second i s  a reasonable 
design maximum f o r  f r e e  f l o a t i n g  ducks and w i l l  t r y  t o  g e t  it lower. 
Photographs 13 and 14 
These squares show t e s t s  with nose down b a l l a s t i n g  on a compliant 
a x i s  (photograph 13) and a r i g i d  one (photograph 14) .  We a r e  confident  t h a t  
the  double loop e f f e c t  w i l l  n o t  occur with f r e e  f l o a t i n g  s t r i n g s .  Force 
measurements f o r  these  a re  given i n  graph 13. 
























Three photographs of d i f f e r e n t  waves were taken a t  107 and a t  112 
seconds and a re  p r i n t e d  together f o r  comparison. 
The forwardmost pos i t ion  (graph 1 and photograph 5) showed the  
poores t  r e p e a t a b i l i t y  and the  w e t t e s t  conditions f o r  the  operator. 

TAILPIECE 
Big Wave In  The Wide Tank 
Photograph 16 shows a "bullseye" wave i n  the  wide tank. Wavefronts 
0 
with angles chosen i n  l i n e a r  increments up t o  60 ( r e l a t i v e  t o  t h e  l i n e  of 
wavemakers) converge towards a focus, chosen i n  t h i s  case t o  l i e  along the  
l i n e  of the  g lass .  The s e c r e t  again l i e s  i n  choosing t h e  s t a r t i n g  phases of  
each component s o  a s  t o  provide superimposition of c r e s t s  a t  the  c o r r e c t  
time and place.  We emphasize t h a t  t h i s  i s  a r egu la r  monochromatic wave i n  
deep water. The per iod  i s  1 second, the  water  depth 1.2m and the  d is tance  
between the  t i c k  marks 20cms. We be l i eve  t h a t  short-crested wave t e s t s  w i l l  
r evea l  new problems i n  sh ip  safe ty .  After  experiments wi th  these  waves we 
a re  n o t  su rp r i sed  t o  l ea rn  t h a t  1 t o  2% of a l l  sh ips  a r e  l o s t  every year. 
A detached observer would have t o  conclude t h a t  proposals  t o  t r anspor t  
passengers and cargo on the surface  of the  s e a  a r e  non-credible. 
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